Differential UBV photoelectric photometry for the eclipsing binary MY Cyg is presented. The WilsonDevinney program is used to simultaneously solve the three light curves together with previously published radial velocities. A comparison is made with the previous solution found with the Russell-Merrill method. We examine the long-term apsidal motion of this well-detached, slightly eccentric system. We determine absolute dimensions, discuss metallicity/Am-star issues, and estimate the evolutionary status of the stars.
INTRODUCTION
The variability of MY Cygni (HD 193637, BD +33 • 3862, SAO 69850) was first noted by Hoffmeister (1930) . From a study of Bamberg and Sonneberg plates, Rugemer (1932) found a period of 2 days and noted the absence of a secondary eclipse. Rough photographic light curves based on the 2 day period have been given by Wachmann (1948) , Gasposchkin (1953) , Zessewitsch (1954) , and Filatov (1963) . The correct 4 day period was discovered from spectroscopic observations by Popper (1969) , who also pointed out the double-line nature of the system. Later work by Popper (1971) included a spectroscopic analysis, indicating components of almost equal mass, and a discussion of the Am metallic-line characteristics. Williamon (1975) noted that the very similar primary and secondary eclipses had been reversed in the work by Popper (1971) . With this correction, Popper & Etzel (1981) presented a solution of their photometric data.
This paper is a re-examination of the photometric data and the orbital solution by Williamon (1975) . His results were obtained with the Russell-Merrill method on 16-point normals outside of eclipse and 4-point normals inside eclipse. In contrast, the Wilson-Devinney (WD) binary software can analyze each data point (HJD and Δ mag) and can solve the light curves simultaneously. MY Cyg has a nonzero eccentricity, and its components are relatively close, so tidal deformations could exist; both of these aspects of the system are handled well by the WD software. With the inclusion of previously published radial velocities, our solution with the WD program is a more accurate description of the orbit and absolute dimensions.
OBSERVATIONS
The photometric measurements of MY Cyg were obtained with the 36 inch Cassegrain reflector at the Fernbank Science Center Observatory (Atlanta, GA) during 1972, 1973, and 1974 . A total of 1733 observations were made in each color with the standard UBV filters of the Johnson-Morgan (1953) system combined with an unrefrigerated EMI 6256s photomultiplier. The observations were recorded with a Honeywell strip-chart recorder, and deflections were read with a 5 s timing accuracy. All observations of MY Cyg were made differentially with respect to the comparison star BD +33
• 3850 (SAO 69818), and they were corrected for atmospheric extinction by means of nightly extinction coefficients determined from the comparison star via the technique of Hardie (1962) . The Heliocentric Julian Dates and differential magnitudes for all of the observations are given in Table 1 . Measurements of the check star BD +32
• 3788 (SAO 69840) were obtained on many nights with no indication of any variability of the comparison star. For completeness, the radial velocities of Popper (1971) are provided in Table 2. 3. LIGHT AND VELOCITY SOLUTIONS Light and velocity solutions were obtained with the latest version of the WD program. The program's physical model is described in detail in Wilson & Devinney (1971) and Wilson (1979 Wilson ( , 1990 . The program now includes an improved stellar atmosphere treatment (Van Hamme & Wilson 2003) that is based on prefitted Legendre functions to Kurucz (1993) atmosphere models.
We made simultaneous UBV light and double-lined radial velocity (RV) solutions to improve parameter consistency (Wilson 1979; Van Hamme & Wilson 1984 . Radial velocities were those of Popper (1971) . Curve-dependent weights were based on standard deviations that are listed in Table 3 ; light level-dependent weights were applied inversely proportional to the square root of the light level. A square-root limb darkening law with coefficients x, y from Van Hamme (1993) was adopted, and the detailed reflection treatment of Wilson (1990) was used with only a single reflection. Gravity darkening (g) and bolometric albedo (A) coefficients were fixed at canonical values for stars with radiative outer layers (Lucy 1967) .
Due to the lack of accurate spectral classifications, the determination of the surface temperatures was difficult. Popper (1971) gave spectral types for the two components of A7 and A5 based on the Ca ii K line and F2 for both stars from their metallic lines. These spectral types correspond to a temperature range from 8180 to 7000 K (Cox 2000) . We allowed the primary's temperature (T 1 ) to vary in 100 K increments from 6700 to 8200 K. Appropriate limb darkening and bolometric coefficients were used, and solutions were found at each incremental temperature. Unfortunately, there was miniscule change in the rms results, so the WD program was not able to Note. a These radial velocities were previously published by Popper (1971) and are provided here for convenience and completeness of our orbital solution.
satisfactorily distinguish the best set of temperatures. The use of supplemental information was necessary. First, Popper (1971) stated that the photometric indices of MY Cyg were "among the later Am stars." Second, the B 2 − V 1 temperature index from the Geneva photometry by Hauck & Curchod (1980) equals +0.124 , which corresponds to a spectral type of F0 V or F0 III for normal stars (Hauck 1994) . Third, in their study of the galactic distributions of the HD stars in the Michigan Spectral Catalogue ), the Am stars were shown to have distributions similar to the early F dwarfs and giants. Returning to the rms results and the temperatures of Cox for early dwarfs, the primary's temperature was set at 7100 K. We estimate the external uncertainty in T 1 to be approximately ±200 K; consequently, the derived T 2 value would have a similar standard deviation. Solution parameters and standard errors are presented in Table 4 . The two components have almost identical absolute dimensions, which are listed in Table 5 . The masses (M 1 = 1. Figures 1-3 show the observed measurements and fitted light curves in each bandpass. The light curves are very clean and there is no visual evidence for cool or hot spots on the surface of either component. Inspection of residual plots of the UBV data with the theoretical curves shows no asymmetries. The radial velocities of Popper (1971) are shown in Figure 4 , with the computed curve corresponding to the simultaneous light-velocity solution. Popper's data were obtained at orbital phases well outside eclipses and are essentially unaffected by the Rossiter effect. A previous solution, found independently of Williamon, was performed by Tremko et al. (1978) using the direct interative minimization method of Horak (1966) . Their computed masses of M 1 = 1.81 ± 0.03 M and M 2 = 1.79 ± 0.03 M are very similar to ours, but their radii of R 1 = 2.26 ± 0.08 R and (A color version of this figure is available in the online journal.) 
2.12 ± 0.09 2.10 ± 0.10 log g (cm s −2 )
4 .01 ± 0.01 3.98 ± 0.01
Note. a Based on V = 8.34, B − V = 0.28, and U − B = 0.14 (outside of eclipse) from Tremko et al. (1978) , and on our luminosity ratios.
R 2 = 2.15 ± 0.08 R are reversed. They used rather similar temperatures of T 1 = 7160 K and T 2 = 7140 K. Though Tremko et al. have substantial differential UBV measurements, their phase coverage was incomplete and their observations had larger residuals, so these data were not included in our solution. The Tremko et al. data are plotted with our final-solution light curves in Figures 5-7 , and visual inspection shows that our solution fits their data quite well.
The WD program provides geometrical information about the two stars. Relative radii are given in four directions: from the center toward the poles, toward the sides, toward the back (i.e., away from the companion), and toward the inner Lagrangian point, L1. In addition, it computes "equal-volume" mean radii ( r ) and the percentage of the Roche lobe ( r / r lobe ) that is filled. These quantities are given in Table 6 . For both components the four directional radii are basically equal, so the stars are spherically shaped. The Roche lobes are 36% and 37% filled, respectively, so even though MY Cyg is a rather close binary, it is a well detached system. 
EPHEMERIS PARAMETERS AND APSIDAL MOTION
The interesting aspect of the MY Cyg system is its slightly eccentric orbit, which causes the secondary minima to be displaced from phase 0.500 in the light curve. Eccentric orbits also experience apsidal motion, the gradual displacement of its longitude of periastron, due to both the classical effects of gravitational tidal forces as well as general relativistic effects. Thus, MY Cyg provides a means to observationally test the theoretical predictions of classical gravitational effects and general relativity.
A modern light curve was obtained by Coughlin (2007) expressly for measuring the current displacement of the secondary eclipse. He obtained differential BVRI photometric measurements on three nights, and used the same comparison star as Williamon (1975) . His primary eclipse coverage began after first contact and ended slightly past mid-eclipse. Secondary eclipse measurements included first contact and the central region of mid-eclipse. His observations are reproduced in Table 7 . We had hoped that there was sufficient Coughlin data and phase coverage for the WD program to accurately analyze the combined Williamon and Coughlin data. We re-ran the WD program numerous times, in some cases allowing all of the parameters to vary while in others just the orbital ones, such as the period, ω, dω/dt, and eccentricity. However, we were not satisfied with the results, residuals, and residual plots of the combined data, and thus the Coughlin data were only used for the improved ephemeris and apsidal motion study.
In the first detailed analysis of the system, Williamon (1975) recognized that the secondary had been displaced from phase 0.50 over the 45 years prior to his study and speculated that it was due to apsidal motion. Williamon found secondary minimum at phase 0.5022, and he derived e = 0.010 and ω = 69.
• 6. Our reanalysis found indentical values of e = 0.010 ± 0.001 and ω = 69.
• 6 ± 2.
• 4. Again it is seen that for MY Cyg the RussellMerrill and WD solutions are equivalent.
The time of minimum (TOM) for both eclipses as determined by Williamon (1975) and Coughlin (2007) are in Table 8 . Beginning with the previously mentioned ephemeris, we performed a linear least-squares analysis on the two sets of TOM data and obtained the following ephemerii: Apsidal motion is recognized by the displacement of secondary eclipse from phase 0.500. The displacement, D, is calculated by
where Cycles is an integer. The displacements for each of the secondary minima were computed with the primary eclipse ephemeris. The displacements are related to the longitudes of periastron (ω) by the formula (Guinan & Maloney 1985) 
The computed D and ω values (using e = 0.010) are given in Table 8 . Taking averages for the data sets, the derived dω/dt is (−0.
• 21 ± 0.
• 07) yr −1 . Although the individually computed longitudes are higher for the Williamon data than those computed by the WD program and by Williamon (1975) , using tables from Irwin (1962) , it is only the difference (i.e., dω/dt) that matters.
Theoretically, the total apsidal motion is due to two components: the classical, which arises from tidal interactions on the oblate stars, and the relativistic, which is a direct consequence of Einstein's Theory of General Relativity. The classical part is calculated by (Sterne 1939) 
where f 2 (e) = 1 + 3 2 e 2 + 1 8 e 4 (1 − e 2 ) −5 , P is the period in days, M 1 and M 2 are the masses in solar masses, k 2,1 and k 2,2 are known as the apsidal motion constants of each component, r 1 and r 2 are the fractional radii, ω r,1 and ω r,2 are the angular rotation speeds, and ω k is the mean angular Keplerian velocity, equal to 2π/P . Values of k 2 based on computations of main-sequence stellar interiors are provided in Table 1 of Jeffery (1984) . Using his quantities for 2 M stars with our log g = 4.0 gives k 2,1 = k 2,2 = 0.00400. Popper (1971) (A color version of this figure is available in the online journal.) Note. a Times of minima, residuals, displacements, and ω's with respect to the linear, least-squares ephemerii for the primary and secondary eclipses, respectively, as given in Section 4. The D (displacement) values are computed with the primary eclipse ephemeris. The upper set of data are from Williamon (1975) and the lower are from Coughlin (2007) .
Our orbital solution in Section 3 found M 1 = 1.82 M , M 2 = 1.80 M , r 1 = 0.136, and r 2 = 0.140. Using e = 0.010 and P = 4.005186427 days as before, the rate of change of the longitude of periastron due to tidal interactions is −0.
• 22 yr −1 . The equation for the relativistic contribution is dω dt (gr) = −9.2872 × 10
where M 1 and M 2 are in solar masses and P is in days (Kopal 1959) . Using the values given above, the theoretical relativistic contribution is −0.
• 05 yr −1 . Adding together the classical and relativistic contributions yields a total theoretical rate of change in the longitude of periastron as −0.
• 27 yr −1 , which is a little higher than our derived −0.
• 21 yr −1 . The apsidal motion measurements and calculations should be taken as a first attempt to isolate and define these parameters.
The period of precession of the MY Cyg system is roughly 1700 yr, of which only 33 yr have been observed, or 2% of the cycle. A 2% interval on any part of a sine curve would certainly not begin to show the full shape. Hopefully, MY Cyg will be revisited at decade intervals to monitor the motion and provide a more complete understanding of the orbit.
METALLICITY
Popper (1971) noted that the MY Cyg spectra show Amstar features. Although he did not indicate from which star these lines are attributed, Kitamura & Kondo (1978) stated both components are Am stars. Pols et al. (1997) compared the observed masses and radii of 49 detached, double-lined eclipsing binaries with their evolution models. Their maximum value of tested metal abundances was Z = 0.033, and they indicated this was too low for MY Cyg. Ribas et al. (2000) , in their study of the chemical composition of eclipsing binaries, took the MY Cyg values listed in Andersen (1991) but re-computed the temperatures, also obtaining values in the 7000-7100 K range for both stars. Tests with stellar evolution models were performed by Young et al. (2001) , and they concluded MY Cyg is "underluminous relative to the models" and that a "higher heavy-element abundance would remove the discrepancy."
The WD program does not have an Am-star input parameter, but one can vary the ratio of metals-to-hydrogen [M/H]. The WD program allows only specific values of the metal ratio because of its use of prefitted Legendre functions to atmosphere models by Kurucz (1993) . The [M/H] parameter, which has as its reference the sun, differs from Z, the fraction by weight of all elements heavier than hydrogen and helium, and only Z values were utilized in the studies described in the previous paragraph. 
MAGNITUDES AND EVOLUTION
The UBV magnitudes for both components are listed in Table 5 . These are based on V = 8.34, B − V = 0.28, and U − B = 0.14 (outside eclipse) from Tremko et al. (1978) , and on the relative ratios of light per bandpass as obtained with the WD program and light curve solution (see Table 4 ). The color indices from Tremko et al. did not change as a function of phase, and our magnitudes are not dereddened. The Hipparchos parallax is 0.00379 ± 0.00087 arcsec, or a distance of 264 ± 63 pc (ESA 1997) . Using the apparent magnitudes and distance, the V absolute magnitudes for each star are approximately +2.0 mag. These are a little brighter than the M bol values in Table 5 .
The absolute dimensions do not match well with mainsequence values from Cox (2000) . The masses are in the mid-tolate A star range, whereas the surface temperatures are typical for F2 stars (which we chose). The dilemma is resolved by the 2.2 R radii. With the aid of the HR Diagram from Sowell et al. (2007; their Figure 2) , it is seen that the MY Cyg components are evolved off the main sequence, at approximately luminosity class IV. This ties back to the discussion in Section 3 that Am stars have a galactic distribution similar to early F dwarfs and giants ). Young et al. (2001) concluded MY Cyg is "well into main-sequence hydrogen burning" and assigned an age of 1.3 billion years. Using the isochrones of Girardi et al. (2000) for Z of 0.019 and 0.030, we posit a slightly younger age of 0.9-1.1 billion years.
